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E-mail address: ddaley@dbb.su.se (D.O. Daley).Respiratory complexes in both prokaryotes and eukaryotes contain multiple co-factors, which are
coordinated in deﬁned positions so that they can function as electron wires. Intriguingly, co-factors
are usually buried deep within hetero-oligomeric protein complexes and it is not clear when or how
they are incorporated. In this study we show that heme is incorporated into the cytochrome bo3
complex of Escherichia coli at a late stage of assembly. Speciﬁcally the apo-form of subunit I (the cat-
alytic subunit) interacts with subunits III and IV before accepting heme. Assembly of subunit II is
stalled until heme is incorporated.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The cytochrome bo3 is a terminal oxidase in the respiratory
chain of Escherichia coli and other bacteria [1–3]. It is composed
of four polypeptides (termed subunits I, II, III and IV) and three
co-factors (heme b, heme o3, CuB) [4]. Subunit I forms the catalytic
core of the enzyme, as it co-ordinates the three co-factors and is
the entry point for the two proton pumping pathways (termed K
and D). The transmembrane helices of subunit I wrap around the
co-factors (Fig. 1(A)), whilst subunits II, III and IV attach to the
periphery of subunit I (Fig. 1(B)). Previously we have demonstrated
that the four subunits assemble in a sequential manner; subunits
III and IV ﬁrst, followed by subunit I, and ﬁnally subunit II [5].
Although heme incorporation is essential for assembly of a
functional enzyme, surprisingly little is known about the events
leading to its incorporation into the cytochrome bo3 complex, or
for that matter, any member of the heme–copper respiratory oxi-
dase superfamily [3,6–11]. Some publications have hypothesized
that heme is inserted into subunit I at an early stage of assembly,
either co-translationally, or during assembly with the other struc-
tural subunits [2,8,12,13]. However, monomeric subunit I does not
incorporate heme efﬁciently [6,14–17], thus arguing against heme
insertion being an early event. In this study we have identiﬁed the
point of heme incorporation into the cytochrome bo3 by following
the incorporation of 55Fe labeled heme during assembly.chemical Societies. Published by E
iochemistry and Biophysics,
ag 16c, Stockholm University,2. Materials and methods
2.1. Plasmids and strains
The cyoABCDE operon (encoding the four structural subunits of
cytochrome bo3 and the heme o synthase) was cloned into the
pET17b expression vector (Novagen) under the control of the T7
promotor. cyoB (encoding subunit I) and cyoE (encoding the heme
o synthase) were cloned into the pETDuet-1 vector. When required,
the coding sequence of the cyoABCDE operon was mutated by
site-directed mutagenesis using the QuickChange Site-Directed
Mutagenesis Kit (Stratagene, Sweden). These mutations changed
the axial histidines co-ordinating heme b (H106, H421), heme o3
(H419) and CuB (H284, H333, H334) to alanine as described in
[5,18,19]. This approach allowed us to prevent individual co-
factors binding to subunit I, or different combinations of them. All
constructs were conﬁrmed by sequencing (MWG, Germany). For
labeling reactions, plasmids were transformed into a C43(DE3)
strain where the native cyoABCDE operon was deleted [20].
2.2. Labeling of proteins with 35S-methionine in vivo
Labeling of proteins in vivowith 35S-methionine was carried out
using the rifampicin blocking technique [5], with a few minor
modiﬁcations. In short, synthesis and labeling of the plasmid-
encoded proteins was initiated by incubation of the cells with
0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG) in the
presence of 15 lCi 35S-methionine for 40 min. To suppress the pro-
duction of native E. coli proteins, genomic transcription was sup-
pressed by the prior addition of 0.2 mg/ml rifampicin for 20 min.lsevier B.V. All rights reserved.
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Fig. 1. The X-ray structure of cytochrome bo3 (PDB Accession Code: 1FFT). (A) Subunit I in isolation, viewed from the plane of the membrane (image on left) and from the
periplasm (image on right). Transmembrane helices are numbered and co-factors are indicated. Note that transmembrane helices O, XIII and XIV were not resolved in the X-
ray structure and were therefore putatively assigned. (B) The assembled cytochrome bo3 complex viewed from the plane of the membrane (image on left) and from the
periplasm (image on right). Subunit I is colored grey, subunit II green, subunit III purple and subunit IV magenta.
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in 1 ml of LB media with antibiotics and chased for 120 min, to give
the radio-labeled proteins a chance to assemble.
2.3. Labeling of hemes with 55Fe in vivo
Labeling of hemes in vivo with 55Fe was carried out as described
above, except that 37 lCi 55Fe–HCl (Perkin Elmer) was added and
35S-methionine was replaced by 175 lM L-methionine.
2.4. BN-PAGE
Preparation of crude membranes, solubilization of complexes
with 0.5% (w/v) n-dodecyl-b-D-maltoside (DDM) and BN-/SDS–
PAGE have been described previously [5,21]. Mass calibration in
the BN-PAGE was performed using three E. coli membrane protein
complexes; the succinate dehydrogenase (355 kDa), the cyto-
chrome bo3 (145 kDa) and the glucose dehydrogenase (85 kDa).
Gels were dried and exposed to a BAS-IP MS2040 plate for either
24 h (samples labeled with 35S-Methionine) or 7–14 days (samples
labeled with 55Fe). Radio-labeled samples were detected using a
Fuji FLA-3000 phosphorimager (Fuji, Tokyo, Japan), and quantiﬁed
using the Image Reader V1.8J/Image Gauge V 3.45 software.
2.5. Western blot analysis
Gels were incubated in transfer buffer [0.04% (w/v) SDS, 20%
methanol, 40 mM glycine, 200 mM Tris–HCl, pH 8.3] for 20 min
then transferred to a nitrocellulose membrane at 15 V for 1 h.
The nitrocellulose membranes were incubated overnight in block-ing buffer [5% (w/v) skimmed-milk, 50 mM Tris–HCl, pH 7.2,
200 mM NaCl, 0.1% Tween-20]. Subunit I was detected using a
polyclonal antibody and a horseradish peroxidase-conjugated
anti-rabbit IgY secondary antibody.
3. Results
3.1. An assembly assay for the cytochrome bo3
Previously we demonstrated that assembly of the cytochrome
bo3 could be followed by expressing proteins in vivo in the pres-
ence of 35S-methionine (using the rifampicin blocking method)
and analyzing detergent solubilized complexes by BN-PAGE [5].
In this experiment we could detect a band corresponding to the
fully assembled cytochrome bo3 complex as well as lower molecu-
lar mass bands corresponding to a I–III–IV assembly intermediate
and the subunit I monomer (Fig. 2(A), lane 1 and [5]). These various
stages of assembly were present in approximately a 1.0:1.0:0.5 ra-
tio (as determined by resolving the BN-PAGE in a second dimen-
sion using SDS–PAGE and probing with an antibody to subunit I;
Fig. 2(B), top panel). We could also detect a homo-dimer of the
cytochrome bo3, but it was often below the limits of detection
and was therefore not considered further in this study. In sum-
mary, the experimental approach enables capture of the assembly
pathway for the cytochrome bo3.
To determine the point of heme incorporation into the cyto-
chrome bo3, we repeated the assay with unlabeled methionine
and radiolabelled iron (55Fe). Our assumption in this experiment
was that 55Fe would be taken up by the cells, synthesized into heme
and incorporated into the unlabeled cytochrome bo3. When we
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Fig. 2. An assay for detecting the assembly of the cytochrome bo3. (A) Protein and heme proﬁles were monitored in parallel (left panel and right panels, respectively), by
in vivo radiolabeling with either 35S-methionine or 55Fe. In both cases, total membrane extracts were solubilized with DDM and separated by non-denaturing BN-PAGE.
Radiolabeled proteins and heme were detected by autoradiography. Note that in general the intensity of the signal emanating from the 55Fe was weaker than the signal
emanating from the 35S-methionine since cytochrome bo3 contains 70 methionines but only two hemes. As a consequence the gels containing 55Fe-labeled samples were
exposed for longer time periods. Bands corresponding to the assembled cytochrome bo3 and various assembly intermediates are indicated to the left. Background labeling
originating from the cells can be seen in the adjacent lane. This experiment was repeated 10 times. (B) To verify that the 35S-methionine and 55Fe labeling reactions were
comparable, we analyzed the relative amounts of subunit I by probing the BN-/SDS–PAGE with an antibody. As before, the assembled form of subunit I, and various assembly
intermediates are indicated at the top. The ratio of subunit I in each assembly state (cytochrome bo3; I–III–IV intermediate; subunit I monomer) for the 35S-labeling and the
55Fe-labeling experiment are 1.00:1.01:0.47 and 1.00:0.87:0.44, respectively. (C) 55Fe-signal from labeled cytochrome bo3 plotted against the dilution to determine the lower
limit of signal detection for the 55Fe (n = 6). The expected signal for heme incorporation into subunit I monomer is indicated to the right and is based on expression values
from (B).
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the second dimension BN-/SDS–PAGEwith an antibody to subunit I,
we noted that the fully assembled cytochrome bo3 complex, the I–
III–IV assembly intermediate and the subunit I monomer, were
again captured in an approximate ratio of 1.0:1.0:0.5 (Fig. 2(B), low-
er panels). However, a 55Fe signal could only be detected in the
bands corresponding to the cytochrome bo3 complex and the I–
III–IV intermediate (Fig. 2(A), lane 3). We could not detect 55Fe at
the molecular mass of the monomeric form of subunit I, even
though it was clearly expressed. Since the cytochrome bo3 complex
and the I–III–IV intermediate incorporated 55Fe heme efﬁciently,
we postulate that subunit I could not bind heme.
Is it possible that there was a 55Fe signal from the subunit I
monomer, but it was below the limits of detection? To address thispoint we diluted the experiment where we had unlabeled proteins
and 55Fe labeled heme (Fig. 2(A), lane 3) and quantiﬁed the 55Fe
signal emanating from cytochrome bo3 complex. Notably, this sig-
nal could still be detected when the sample was diluted 15-fold
(Fig. 2(C)). Since the expression level of the subunit I monomer
was only twofold less than the undiluted cytochrome bo3 complex
(Fig. 2(B)), we reason that the limit of detection was more than suf-
ﬁcient to detect a signal if the subunit I monomer had been hemy-
lated. Thus the monomeric form of subunit I was present but it had
not incorporated 55Fe-labeled heme.
Two possible conclusions about the timing of heme incorpora-
tion could be drawn from our previous experiment: (1) Heme is
incorporated into the subunit I monomer, but is not detected be-
cause subunit I immediately assembles with subunits III and IV
4200 I. Palombo, D.O. Daley / FEBS Letters 586 (2012) 4197–4202to form the I–III–IV intermediate. (2) Heme is incorporated directly
into the I–III–IV intermediate. To distinguish between the two pos-
sibilities we tried to ‘trap’ the point of heme insertion, by express-
ing selected combinations of subunits. To determine how
efﬁciently heme could be incorporated into the subunit I monomer,
we co-expressed subunit I (encoded by cyoB) with the heme o syn-
thase (encoded by cyoE). The heme o synthase was included in the
experiment as it is normally co-expressed from the cyoABCDE oper-
on and is required for the conversion of heme b to heme o [22]. In
this experiment we could detect low levels of 55Fe at the molecular
mass expected for subunit I (Fig. 3(A), lane 7), indicating that sub-
unit I had incorporated some heme. Quantiﬁcation of the heme
occupancy using densitometric values obtained from the BN-PAGE
(i.e. 55Fe signal/(35S-methionine signal/number of methionines)),
indicated that heme was not efﬁciently incorporated into the
monomeric subunit I (P < 0.0001, n = 8) (Fig. 3(B)) even though348 kDa
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Fig. 3. 55Fe-labeled heme can insert efﬁciently into the I–III–IV intermediate, but not m
expressed (along with the heme o synthase) so that the point of heme incorporation c
radiolabeling with either 35S-methionine or 55Fe (left and right panels, respectively). In b
complexes were separated by non-denaturing BN-PAGE. Radiolabeled proteins and h
cytochrome bo3 and various assembly intermediates are indicated to the left. Background
for the monomeric subunit I, and the I–III–IV intermediate was calculated by comparing t
35S-methionine signal/number of methionine residues). Occupancy is presented as a p
occupancy. Calculations were based on a minimum of four replicates and the differences
the cytochrome bo3 are statistically signiﬁcant (P = 0.0008, n = 4 and P < 0.0001, n = 8 resp
determine the lower limit of signal detection for the 55Fe (n = 6). The expected signal for
synthase, is indicated to the right and is based on expression values from (A) (P = 0.007the level of protein expression was well above the limit of detec-
tion (Fig. 3(C)). To determine if heme could be incorporated into
the I–III–IV intermediate, we co-expressed subunits I, III and IV to-
gether with the heme o synthase (encoded by cyoBCDE). In this
experiment the expression levels of subunits I, III and IV were sig-
niﬁcantly lower (Fig. 3(A), lane 2). Never the less we could detect
55Fe at the molecular mass expected for the I–III–IV intermediate
(Fig. 3(A), lane 6), indicating that the intermediate had also incor-
porated heme. Quantiﬁcation of the heme occupancy indicated
that the heme was efﬁciently incorporated into the I–III–IV inter-
mediate and that there was no statistical difference in heme incor-
poration between the cytochrome bo3 and the intermediate
(P = 0.6501, n = 4) (Fig. 3(B)). These trapping experiments clearly
indicate that heme could be efﬁciently inserted into a stalled
assembly intermediate containing subunits I–III–IV, but not a
stalled form of the monomeric subunit I.0
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ould be trapped. Protein and heme proﬁles were monitored in parallel, by in vivo
oth cases, total membrane extracts were solubilized with DDM and proteins/protein
eme were detected by autoradiography. Bands corresponding to the assembled
labeling originating from the cells can be seen in lanes 4 and 8. (B) Heme occupancy
he relative amount of heme (i.e. 55Fe signal) with the relative amount of protein (i.e.
ercentage, relative to the cytochrome bo3, which was assumed to have full heme
in heme incorporation for the monomer compared to the I–III–IV intermediate and
ectively). (C) 55Fe-signal from labeled cytochrome bo3 plotted against the dilution to
heme incorporation into subunit I monomer when it is expressed only with heme o
9, n = 10).
Fig. 4. The apo-form of subunit I can interact with subunits III and IV. Mutated
forms of the cytochrome bo3, which were unable to bind co-factors, were studied so
that the contribution of each co-factor to assembly could be determined. The
protein proﬁles were monitored by radiolabeling in vivo with 35S-methionine. Total
membrane extracts were solubilized with DDM and proteins/protein complexes
were separated by non-denaturing BN-PAGE. Radiolabeled proteins were detected
by autoradiography. Bands corresponding to the assembled cytochrome bo3 and
various assembly intermediates are indicated to the left. Background labeling
originating from the cells can be seen in lane 9.
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lost during BN-PAGE? Two lines of reasoning that suggest heme
is not lost from subunit I during the BN-PAGE analysis. First of
all, heme is retained by the fully assembled cytochrome bo3 and
the I–III–IV intermediate, suggesting that the BN-PAGE method is
gentle. Secondly, Nakamura et al. have also noted that monomeric
subunit I does not efﬁciently incorporate heme [17]. In their exper-
iment the heme content was analyzed from isolated membranes
by spectroscopy. As both methodologies concur, we conclude that
heme incorporation into the cytochrome bo3 occurs at the level of
the I–III–IV intermediate, and not the subunit I monomer.
3.2. Assembly of the I–III–IV intermediate occurs prior to heme
incorporation
Our observation that heme is inserted at the level of the I–III–IV
intermediate, implies that assembly of the I–III–IV intermediate oc-
curs prior to heme incorporation. To determine if the assembly of
this intermediate was even possible, we engineered an apo-form
of subunit I (called Dheme b, Dheme o3, DCuB), by mutating the
axial histidines that bind these co-factors to alanine, thenFig. 5. A model for heme insertion into the cytochrome bo3. Based on the assemblco-expressed it with all other subunits. As anticipated, the apo-form
of subunit I was assembled into the I–III–IV intermediate (Fig. 4,
lane 8) even though it was prevented from incorporating heme.
Thus subunit I assembly with subunits III and IV is independent of
co-factor insertion, in agreement with our earlier experimentation
that showed heme incorporation into the I–III–IV intermediate.
We also engineered forms of subunit I that were unable to bind
individual co-factors, or different combinations of them, and studied
assembly (Fig. 4). As we alluded to previously, the assembly of sub-
unit II was absolutely dependent on the incorporation of heme b [5].
In each instancewhere heme bwas prevented from binding, assem-
bly was stalled at the level of the I–III–IV intermediate (Fig. 4, lanes
2, 5, 6 and 8). This was not the case when heme o3 was prevented
from binding, since assembly of the cytochrome bo3 could be de-
tected in this mutant (Fig. 4, lane 3). The CuB, which forms the binu-
clear centerwith heme o3, had the least effect on the assembly of the
cytochromebo3, aswedid observe an assemblyphenotypewhen the
axial histidines that bind CuB were mutated to alanine (Fig. 4, lane
4). However, when the entire binuclear center was unable to form
(Fig. 4, lane 7), less of the assembled cytochrome bo3 was detected
as compared to the individual knock-outs of heme o3 and CuB, sug-
gesting that the binding of cofactors in the binuclear center has an
impact on the folding of subunit I, and, hence, the ability for subunit
II to bind and complete the assembly of the cytochrome bo3.
4. Discussion
For most respiratory complexes, the incorporation of co-factors
remains a fundamental yet unresolved aspect of the assembly pro-
cess: When are they incorporated? How are they embedded in a
multi-subunit complex? And what quality control mechanisms
are in place to ensure that they have been incorporated? In this
study we have tackled the ﬁrst of these questions by studying
the incorporation of heme during assembly of the cytochrome
bo3. Our data indicate a speciﬁc sequence of events leading to
assembly: Apo-subunit I ﬁrst interacts with subunits III and IV,
heme is inserted into the I–III–IV intermediate, and ﬁnally, subunit
II assembles (Fig. 5).
The observation that heme was not efﬁciently inserted into the
apo-subunit I monomer was surprising, as many groups (including
our own) have assumed this to be the case [2,5,8,12,13]. We spec-
ulate that heme-binding pockets have not yet been formed in the
monomeric, apo-subunit I (Fig. 5, step 1). However, the heme-
binding pockets are formed upon association with subunits III
and IV (Fig. 5, step 2), thus enabling the incorporation of heme
(Fig. 5, step 3). Since subunit II cannot associate until heme has
been incorporated (Fig. 5, steps 4 and 5), we speculate that confor-
mational changes in subunit I, brought about by interactions with
subunits III/IV then heme, probably control the sequence of events
leading to the assembly for the cytochrome bo3.
Solvent accessible heme can potentially cause oxidative damage
in the cell [8], and it has therefore been suggested that assembly of
respiratory complexes should proceed through a series of ‘inactive’y order of the subunits [5] and the timing of heme incorporation (this study).
4202 I. Palombo, D.O. Daley / FEBS Letters 586 (2012) 4197–4202intermediate states [23–25]. Cumulative data now indicate that
the assembly of the cytochrome bo3 adheres to this principle. In
this study we have shown that the subunit I monomer cannot bind
heme efﬁciently and is therefore unlikely to cause oxidative dam-
age. Although the I–III–IV intermediate does contain heme, it is
incapable of electron transfer, as no ubiquinol oxidase activity
can been detected [17]. Moreover, heme in the I–III–IV intermedi-
ate is most likely protected from solvent, as insertion appears to
catalyze folding of subunit I. Understanding the assembly of respi-
ratory complexes therefore has important implications for under-
standing how toxic intermediate states are avoided to maintain
cell homeostasis.
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